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. FOREWORD

•-'. This final technical report (vol. It) and a technical summary (vol. [, ref. 1) were
.... . prepared by the Boeing Commerical Airplane Company, Renton, Washington, under

' NASA Contract NASl-15025. They cover work performed between 3uly 1977 and
December 198l, The program was sponsored by the National Aeronautics and

• Space Administration) Langley Research Center (NASA-LRC). Dr. H. A. Leybold,
Marvin B. Dow) and Andrew 3. Chapman were the NASA-LRC project managers.

., The following Boeing personnel were principal contributors to the program;

_........ Program Director Manufacturing Technology
... S.T. Harvey M.C. Garvey

• ' V.S. Thompson
Design E.S. 3amison

: G. Ohgi
" R. 3. Nicoli Production Manager

E. R. Wogulis 3. E. Gallant
: W.C. Brown W.D. Grant

,, ,__ Structural Analysis Technical Operations Manager
•. D.R. Wilson L.D. Pritchett

,- _./.i R.W. 3ohnson
_'_ := 3. E.McCarty Business Management

:_!, C. M, Lytle
_ _i_} Weight and Balance Analysis M, R. Wiebe

G. Nishimura D.V. Chovil
, 3. T. Parsons
• "- R.E. Baum
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r- ;::=_:_: This is the final report for the full-scale testing, production, and cost analysis data
_ :;';_::__ for the advanced composite stabilizer for the Boeing 737 aircraft. It covers, along
, ",;*:_;_:.::::_• with References I, 2, and 3, all work performed on the program from its inception

_,,..........-..... in 3uly 1977 through its conclusion in December 1981
-__;,_,.._:_:!..

_:-':;:; ' The principal prol_ram objective was to design, produce, and test an advanced
._;. composite 737 stabilizer that would meet the same functional criteria as the

existing metal stabilizer. A full-scale left-hand ground test article was chosen
__; ' that was structurally complete with elevator, balance panels, leading edge, trailing

edge, closure rib, and associated hardware. The upper and lower skins and
. stringers, front and rear spars, ribs, and trailing-edge beam were fabricated from

graphite-epoxy materials. The test stabilizer was supported in a horizontal
position by using a structural s.te_." test fixture. The composite stabilizer initially
was subjected to four static load cases. It sustained design limit (67% ultimate)
load £or these cases. Afterwards, cyclic spectrum loads equivalent to 120 000
_lights or one-and-one-half lifetimes were applied to the test article. Included as
part el the cyclic loading were 80 000 spectrum flights with simulated service
and/or maintenance damage. No structural damage or flaw growth of inflicted
damage was _ound. It als_ was subjected to a number of fail-safe tests, one of
which indicated that additional reinforcement using a plate integral with the fail-
safe lug strap, the lower lug strap, and the spar web was necessary.

=_ ....._:_ At the successful conclusion of all ground testing, the composite stabilizer was
_ . exposed to lightning strike tests. The full-scale test program met all FAA

_: certification requirements.
:>

.... _. Ground vibration and flight tests were performed using a production 7:37 aircraft
_- :i. with a graphite-epoxy stabilizer installed. In both cases, the composite stabilizer

:- functioned completely within the counterpart aluminum-stabilizer-required enve-
' _ ...._ lope. The Federal Aviation Regulation 25 (FAR 25) was completely satisfied, and

_ FAA certification was achieved during August 1982 (ref. #).

" Another prime program objective was to gain simulated production experience.
. . This was accomplished by producing five-and-one-half shipsets of stabilizers usinl_

advanced composite materials. Experience was gained in estimating, tool develop-
_o: : ment, and fabrication processes, The graphite subcomponents were produced by

_°......... Boeing's Fabrication Division at Auburn, Washington. Assembly was accomplished

- at the Boeing facility in _ichita, Kansas, using conventional tools. The production
• .. assembly tools could not be used because the graphite assembly had fewer parts.

L: Overall production problems were minimal.

,i The final objective of the proi_ram was to obtain realistic production cost data for
, the five-and-one-half shipset production run. Of the total producti.on expenditures,

labor was 85%, and nonlabor was 1.5%. Production labor was 6#% for fabrication_
30% for assembly, and 6% for manufacturing, research, and development. Material
usage factors for the program were 2.8 Ib for fabric and 1.8 Ib for tape for each

pound of flyaway weil_ht. With automation, these factors could be appreciably
_ reduced. Recurring costs for 200 shipsets o_ advanced composite 7_7 stabilizers
i" are estimated to be $#0.3 million.

V



_'_ Tile program was successful and well timed. The results will provide the necessary
confidence for the company to commit use of graphite-composite structure in

__:':.... similar applications on future aircraft.
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_ii:; 1.0 INTRODUCTION
_._'_i/!/-.!

_<7_i_!._:: The escalation of aircraft fuel prices has motivated assessment of new technology
._,::.:..:_ concepts for designing and building commercial aircraft. Advanced composite

_iiii!iliI materials, if LIsed extons',vely in airframe component.s, offer high potential for="_:a:"_::"i_:,.:....: reducing structural weight and thereby direct operating costs of commercial
_j_.,.,,. transport aircraft. To achieve the goal of production commitments to advanced

composite structures, there is a need to convincingly demonstrate that these
structures save weight, possess long-term durability, and can be fabricated at costs
competitive with conventional metal structures.

To meet this need, NASA has established a program for composite structures under
the Aircraft Energy Efficiency (ACEE) program. As part of this program, Boeing
has redesigned and fabricated the horizontal stabilizer of the 737 transport using
composite materials, has submitted data to FAA, an.d has obtained certification.
Five shipsets of composite stabilizers ha_e been manufactured to establish a firm
basis for estimating production costs and to provide sufficient units for evaluation
in airline service. This work has been performed under NASA Contract
NASI -15025.

The broad objective of the ACEE Composite Structures program is to accelerate
• the use of composite structures in new _ransport aircraft by developing technology

and processes for early progressive introduction of composite structures into
::_-..... production commercial transport aircraft. Specific objectives of the 737 Compo-

site Horizontal Stabilizer program were to:

_:_,_.: • Provide structural weight at least 20% less than the metal stabilizer
_!i_C_,__ ,I
_:_i_'ii:_iii,? • Fabricate at least t_0% by weight of the stabilizer constituent parts from

advanced composite materials

" : • Demonstrate cost competitiveness with the metal stabilizer

o : - • Obtain FAA certification for the composite stabilizer

i
i ...... . • Evaluate the composite stabilizer on aircraft in airline service

_: To achieve these objectives, Boeing concentrated efforts on conceiving, develop-
o_,. ing, and analyzing alternative stabilizer design concepts. After design selection,

i, ,!_, ':' the following were performed: materials evaluation, ancillary tests to determine
material design allowables, structural elements tests, .:nd full-scale ground and

" . flight tests to satisfy FAA certification requirements. Specific program activities
: : to achieve objectives included:

_-• • Program management and plan development
!.

_ • Establishing design criteria
,. • Conceptual and preliminary design

: • Manufacturing process development
" • Material evaluation and selection

• Verification testing
. • Detail designi

.: • FAA certification
.5¢_-__,,_..

._



Work accomplished in each of these areas is described in detail in this document
' and summarized in Reference 1,

_.a_- NOTE: Certain commercial products are identified in this document in order to
•, specify adequately the characteristics of the material and components

o r. under investigation, In no case does such identification imply recom-
i.: mendation or endorsement of the product by NASA or Boeing_ nor does it
::.. imply that the materials are necessarily the only ones available for the

',.- purpose.
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= i 2.0 SYMBOLS AND ABBREVIATIONS

o ," 1

, ACEE aircraft energy efliciency
"i

. rl ATLAS computer program

i CL centerline

.... i
r ,

_ : DUL design ultimate load
: ' o , i

i

I

P EDI electronic deflection indicators

r 1

IUr

i FAA Federal Aviation Administration
k FAR Federal Aviation Regulation

! FEP fluorinated ethylene propyk _e(Teflon)

_ _ ' LC load case

_.,, MEK methyl ethyl ketone

.. MD flight boundary, design dive speed, Mach number

r_" MR&D manufacturing research and development

i MSCR manufacturing specilication and coordination record

• o

VD flight boundary, design dive speed, knots equivalent air
'_. speed (keas)
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3.0 ANALYSIS AND TEST
6

= 3.1 FULL-SCALE GROUND TEST

3.1.1 Description of Test Article

The test article was a left-hand, full-scale, Boeing model 737 graphite-epoxy
horizontal stabilizer that was structurally complete with elevator, balance panels,
leading edge, trailing edge, closure rib, and associated hardware. The upper and
lower skins, front and rear spars, ribs, and trailing-edge beams were fabricated

: from graphite-epoxy material. Removable portions of the leading edge, trailingo

edge, tip, and elevator were existing 737 metal stabilizer components. A thermale
compensation linkage also was added to the existing stabilizer structure to

':: minimize thermal growth mismatch between the aluminum-fiberglass elevator and
the graphite-epoxy inspar box. A detail description of the 737 graphite-epoxy

' stabilizer is included in Section 3.0 of Reference 3,
7

3.1.2 Description of Test Setup

-----_%=:: The test stabilizer was supported in a horizontal position by a structural steel test
• _'- fixture. The graphite-epoxy stabilizer assembly (test article) was attached to a

_'- metal production center section at the front- and rear-spar inboard terminal lug
--, .::: locations. A dummy right-hand stabilizer box was attached to the right-hand side

of the center section and was used for symmetrical loading. The center section
,_"- was supported by a structural test fixture at its aft support hinges and front

_i: dummy jackscrew fitting. The test setup is shown in Figures l, 2, and 3.

. Stabilizer airloads were applied to the lower and upper surface through pads bonded
._ to the surface panels. The stabilizer inspar section, trailinR-edge, and elevator
? surface areas were divided into sector areas with a load pad or fitting for each

sector. Pad loads were applied through a series of evener systems and hydraulic
" actuators. The load pad !ocations and pad load distributions were optimized to

match spanwise shear, moment, and torsion for each load case tested. Required

=: leading-edge and balance panel loads matched shear and torsion about the front-
- spar and elevator hinge line respectively. Figure 4 shows the bonded pads and

evener system used to apply loads to the lower panel.

Rosette strain gages (195) and axial strain gages (62) were installed to measure
.... strains at critical areas and to verify internal load distributions. Structural

deflections were measured at 18 locations along the front and rear spars by
electronic deflection indicators (EDI).

i Hydraulic jacks (16) were used to apply the tension and compression pad loads,
.... leading-edge loads, and balance panel loads. A load cell was installed in series with

each hydraulic jack to measure applied load.

3;1.3 Test Loads

3.1.3.1 Static Loads

: The composite stabilizer was subjected to five static load cases (LC):

_r"

5



, Dummy right-hand Production center section
_" stabilizer
o , _'i.

_ Left-hand production elevator
_ (new 737 component)

• /- Advanced composites

/ stabilizer box

I ,

[_ •

i

I "

I :

E jr Testsconducted:

i_ .. • Limit load strain survey, four static
load conditions

fixture • Thermal linkage functional test
• Elevator attachment stiffness test

_ • One-half lifetime fatigue, no damage
• Damage tolerance, small damage

: • One lifetime repeated loads
• F_01-safe,three static load conditions

• Ultimate load, four static load conditions
• Damage tolerance, large damage, four

' static load conditions

°:_::': !': • Tip section subjected to lightning test

• Figure 1. Full-ScaleGroundTest

6
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! Figure 2 Test Support Fixture-Full.Scale Ground Testi

i t

,.

o

!
i :

Figure 3. Test Setup-Full-Scale Ground Test

.'_Y



! " ORIGINAE PAGE'

BLACK AND WHITE PHOTOGRAPH

: t;

o

.?i

" Figure 4. Stabilizer Ground Test Setup-Bonded Padsand Evener System

• Load case 5: positive maneuver at 648 km/hr (350 kn) at 7163m (23 500 ft);
: (load case 5 is at Vr, and replaces load case 3710 as the torsion condition for
', damage tolerance te_sts,)

- • Load case 37]0= positive maneuver at $14km/hr (440kn) at 3018m (9900 ft)
.. (maximum torsion, ultimate load test)

: • Load case 4q30: positive gust at 518 km/hr (280 kn) at sea level (maximum
: positive bending)

': • Load case ¢761; negative gust at SlCkm/hr (¢¢Okn) at 3962m (1300Oft)
': (maximum negative bending and surface pressure, ultimate load test)

,- • Load case 4010: flaps down maneuver at 352km/hr (190kn) at sea level
(maximum negative bending_ ultimate and damage tolerance tests)

Comparisons of the applied test loads versus design loads are shown in Figures 5
through 8,

eoo
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3.1.3.2 Cyclic Loads
r--" ........

The test flight profile was reduced to six major flight phases defined as taxi,
takeoff, climb, cruise, descent, and landing. The taxi, takeoff, and landing phase

, ,_ alternating loads are of a relatively small magnitude and are represented by single
excursions of the lg load plus the secondary cycle excursion. Significant

" alternating load activity exists during climb, cruise, and descent phases, so these
test phases contain an appropriate number of alternating load peaks about the 11_
load levels. The resulting general load sequence is shown in Figure 9. A detailed
description of the test flight profile loads can be found in the Appendix.

'1 ® O
4 L_

_' II ^ 11 I
, ' . |

.... " I I ®o0,...,,,,,°,,,°,,o,°,. . ,. :-. I I I I ending with the

i .... .:; _ _ ! ! I Ig load
i, '.... "_ J | (X) Descent:o ., I

z .... I (_) Landing: Single-load peak

It

_- Time
! .= i .,

" Figure 9. Test Spectrum General Loading Sequence

.......!

_",,_t 3.1.4 Description of Tests Conducted

• The following tests were conducted (in the sequence listed) on the 737 graphite-
._ I epoxy stabili.zer.

3,1,4,1 Design Limit Load Testi i,

i _m'_ ,' Design limit loads (67% of design ultimate loads) were applied to the stabilizer in
_ each of four design load cases (3710, #010, #761, and #t¢30) to obtain strain and

° deflection data for correlation with the limit load requirements.

3.1.4,2 Elevator Stiffness Test

This test was performed to determine the lateral stiffness capability of the
elevator hinge fitting at elevator station i21.59 with the primary hinge fitting at

_ :": elevator station 39.02 failed. Load was applied parallel to the elevator hinge line
at the elevator. The applied hinge line load and the amount of deflection between

.... the elevator and stabilizer at the hinge line were measured and recorded,

i 13
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3.1.#.3 Thermal Linkage Functional Test

This test was performed to measure the internal loads and determine the adequacy
of the thermal compensation linkage to minimize thermal growth mismatch
between the aluminum-fiberglass elevator and the graphite-epoxy inspar box.
Radiant heat lambs and liquid nitrogen were used to heat and cool the thermal

,, cavity up to 6g"C (155°F) and down to -5#°C (-65°F) respectively. This
temperature range represented the maximum ground-air-ground thermal cycle.

----_ During the thermal cycle, temperatures in the cavity area and forces required to
initiate elevator rotation were recorded.

3,1.#.4 One-Half Lifetime Fatigue Test

" A total of 40 000 spectrum load flights, representing one-half lifetime of aircraft
service) were applied to the stabilizer. Visual and ultrasonic inspections were

: performed at routine intervals, and strain and deflection data were recorded at
• specific flight intervals.

.... ,_ 3.1.4.5 Damage Tolerance Tests-Small DamageT

_._ With simulated service and/or maintenance damage inflicted in selected areas, a
" i total of g0 000 spectrum load flights representing one lifetime of aircraft service

were applied to the stabilizer. The damage is defined in Table l and shown in
: Figure lO. Visual, ultrasonic, and X-ray inspections were performed at routine:I

:_: intervals, and strain and deflection data were recorded at specific flight intervals.I

:! 3.1.#.6 Ultimate Load Tests

_-_; Design ultimate loads were applied to the stabilizer in each of four design load
cases (3710, 4430, 4761, ¢010) to obtain strain and deflection data for comparison

: with the finite element ATLAS model generated strains and deflections.
oii
, i.,t 3. l.t_.7 Fail-Safe and Damage Tolerance Tests

:7 1

• ri Fail-safe tests, simulating failed spar-to-center-section attachment points) were
! performed by removing one of the spar attachment pins or bolts and applying the
i critical design limit load as a fail-safe load_ The fail-safe load conditions are

: i defined in Table 2. The damage tolerance capability of the stabilizer with large,
] simulated discrete damage (simulated failure of primary structural member in a
i major load path) was evaluated during the ancillary test program (sec. 4.2, ref. 3).
H

_'i 3.l.t_.g Lightning Discharge Test
i

This test was conducted to determine the type and extent of damage that would be
: sustained by a full-scale stabilizer and its flame spray lightning protection system

'_ _, when exposed to simulated lightning discharges, The test was performed with the
'_.L._' full-scale ground test article after all structural testing was completed. The test

article is shown in Figure I I. The lightning strike protection system was developed
-_' during the ancil!ary test program and is described in Section 4.2 of Reference 3.

_ The lightning strike zone locations for the 737 aircraft are defined in Section 3.2.9
of Reference 3. The outboard tip of the stabilizer is in a zone I A area and was
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• T,_hle 1. Damage Location and Description

Dama_
" ID No. Location D_orlption

LS-1 Lower skin at stabilizer station 77 Cut skin 12.7 mm (0.5 in) long at 45 deg to the rear spar.
between the rear spar and stringer 1 Simulatas service damage

LS-2 Lower skin at stringer 1 and stabilizer Damaged skin in fastener count_l_nk. Simulates
and LS-3 station 111.1 rib intersection delamination causedby improper fastener installation

" LSJ, Lower skin to rear spar fastener at (Sameas LS.2)
•. stabilizer station 80

•: LS-5 Lower skin at stringer 2 and stabilizer Impact damage. Simulates servicedamage
': " station 111.1 rib intersection

/.

. • LS-6 Lewer skin stringer 2 inner chord be- Impacf.dam_age.Simulates dropped tool during

..... > tween stabilizer stations 83.5 and 111.1 actembly

LS-7 Lower skin along rear spar at stabilizer Impact damage. Simulates service damage [_
i .... station 97.3
iT ,-

P _ _.. LS_ Lower skin along front sparat stabilizer Impact damage. Simulates service damage
! ....." " station 97.3

i ° 'i _ : LS-9 Lower skin at the intersection of the rib Impact damage. Simulates service damage
i :__,,:r:: at stabilizer station 111.1 and stringer 10
! _ ,

._ o ;'i. US-1 Upper skin (sameas LS-1) Impact damage. Simulates dropped tool or hail damage

• US-2 Upper skin (tame as LS.2 and -3) (Same as LS-2 and .3)
_ _ and US-3 _,

-" USA Upper skin (same as LS-4) (Same as LS-2 and -3) i

">,. US-5 Upper skin (sameas LS-7) (Same as LS-7)

US-6 Upper skin (sameas LS-8) (Same as LS-8).

q RS-1 Rear spar, edge of web cut out at Impact d_,_,age. Simulates fabrication or service

stabilizer station 90 darnage

RS-2 Rear spar, edge of web cut out at Web cut 6.4 mm (0.25 in) long. Simulates fatigue
stabilizer station 86 or servicedamage

RS-3 Rear spar chord forward flange at Cut from flange edge to fastener bole. Simulates

_ ..... stabilizer station 72.5 fatigue or service damage

RS-4 Rear spar web at stabilizer station 96 Impact damage. Simulates fatigue or service damage.

.:./ RS-5 Rear spar web at stabilizer station 99 Cut web 12.7 mm (0.5 in) long, Simulates fatigue
or service damage

::' RS-6 Rear spar, lower chord, forward flange Impact damage. Sim_Jlatesfatigue or fab¢ication

at stabilizer station 72, in radius adjacent damage [_
to lug plate

,. RS.7 Rear spar web at stabilizer station 170.S, Impact damage. Simulates fatigue or fabrication

- 25.4 mm (1,0 in) above lower flange damage

.... .. RS-8 Rear spar at stabilizer station 164, (same as RS-7)
25.4 mm (1.0 in) above lower flange

: _ Impact damage. Detectable by visual inspection.
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T,_bk: 2. Fail-Safe Load Cases

,. Test Bolt ol pin removed Load case

..... numher applied
o

,o ,
1 Front spar, lower 4430

'' .; 2 Rear spar, lower 4430

!!_ :: 3 Front spar, upper 4010
-_' ii 4 Rear spar, upper 4010

c*i ,..



Zone 1A (seefig. 13)
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\ \
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\ Zone 1B Current (seefig. 14)

C'rl

,I Figure 12. Lightning Strike Zones
l
t

,I

!
P

'_' ":__ tested accordingly. The outboard stabilizer hinge fittings for the elevator have to
condL'ct zone IB lightning current from the elevator into the stabilizer and were

i included in the test. Figure 12 defines the lightning strike zones for the stabilizer,
_ and Figures 13 and 1/_ define the lightning test waveforms used.

A 7.62-cm (3-in) air gap was established between the discharge probe and the
stabilizer tip for zone IA discharges. Zone IB lightning current was supplied by a
hard-wired entry point through a hinge fitting, location. The four attachment

• i points (! through 4) for the zone IA lightning discharges and the hard-wired current
i entry point for the zone i!_ lis;htnin_ discharge current (_) are shown in Figure IS.
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' Component A (initial stroke)

;

' i _ Component B (intermediate current)

: I i,_ A B

L t '•12', ._<500 p.s _<5 x 10"3 sec Ji

_ i _ _ _ I
_v r

Time (not to scale)

.i

Test Recommended Boeing test values
_ Parameter

_. : waveform, test values* Test 1 Test 2 Test 3 Test 4

; Ipeak(amphere) 200 000 +10% 154 690 171 880 187 500 189 060
i!! Component A

i _.-. A (kiloamphcre2-sec) 2 000 +-20% 1 690 2 161 2 366 2 435

_. lavg(amphere) 2 000-+10% 1701 1 924 1 893 1 916
, _ Component B

.... O (coulomb) 10 8.5 9.6 9.5 9.6
• i

.... MIL-STD-1757

• Figure 13. Lightning Test Waveform and Test Values-Zone IA

i-_ 19
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ponent A (initial stroke)

• . . ComponentB (intermediatecurrent)

,- • ComponentC (continuingcurrent)

-1 4

ComponentD (restrike)_ :._,,ii..

} ,'

C

'i ? ('_

A B I C I D
: I I

I ! I'_ : _<500_ _<5 x 10"3sec 0.25sec_T_-<l sec _.<500/Js

_ ' Time (not to scale) Jl

° .:i: Test Parameter Recommended Boeingtest
, " waveform testvalues* value,test B

Ipeak(amphere) 200 000 -+10% 175 780
'- ComponentA

A (kiloamphere2-sec) 2 000 +20% 2 551
i ,

_..:_-.. lavg(amphere) 2 000 +10% 1839
:.. ComponentB

O (coulomb) 10 9.2
. .e=- .

_ lavg(amphere) 200 to 300 252
- ComponentC

O (coulomb) 200 -+20% 205

Ipeak(amphere) 100 000 +10% 89 063

i H

• ComponentD ,-
A (kiloamphere2-sec) 250 -+20% 243

*MIL.STD-1757

Figure 14. Lightning Test Waveform and Test Values-Zone IB

, 20
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.. Oft = 0
..:: . ,/----- Lightning current path

i
: Zone 1B I
: _. hardwired I

• discharge I

,' : position /---- Full-scale

_,_ #/horizontal J

":: _stabilizer Lightning generators

.. Zone 1A I
discharge ,robe __..;_J l_':'i.:.1, '

=_-'"_ .. " positions (four)_ _._. _'_.:3, i !
.....i. ....... .L _
°o Tip secti¢ _iii_ -------T - ....

•-. Outboard _-" [__ii_ _ ]

(ref,) _ I i
:.... _ _ IForward I i

_(ref.) I j

.: "///////////////////////////_//////////////////_,"///_,2////2////,2///#,
._ Aluminum floor

T.

,_ Figure 15. Lightning Test Discharge Positions-737 Horizontal Stabilizer Tip Section

_, :_, 3.1._i Test Results

,. 3.1.5.1 Limit Load Test

The stabilizer was successfully tested to 67% of design ultimate load (DUL) for
® loadcases 3710, #OIO, 4761, and 4430 with no damage to the specimen,.Strain,

_-=" deflection, and load readings were recorded. Examination of measured strains and
deflections showed agreement with the finite element ATLAS model values.

.... r'J " 3.1..5.2 Elevator Stiffness Test
<..:_.....
'"" ....... Analysis showed that with the primary hinge fitting at elevator station 39.02

failed, the secondary load path at station I21.59 must provide a stiffness of ,at least
_" 0.88 MN/m (5000 Ib/in). From the lo._d versus deflection data recorded durinli this
_!;_, i, test, it was found that the elevator hinge line deflected 0,216 mm (0.0089 in) witl_

a 3.8-kN (859-Ib) load applied. Stiffness equals 17.6 MN/m (I00 000 Ib/in) or 20
_-:' times greater than required.

,, ~

," . 3.1._i.3 Thermal Linkage Functional Test

• Test results showed that the load required to initiate rotation of the elevator
varied by no more than 5% throughout the thermal cycle, thus demonstrating that '
the thermal linkage performed its design function.

, 21
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Table 3. Inspection Schedule

E:::>
:i_, No [_ 0 10 20 30 40
;. damage1000

" "; flights With [_
, -: damage 0 10 20 30 40 60 60 70

_, _ ..i

' i': Visual
_ _' inspection X X X X X X X X X X X X X

,, o

Ultrasonic X X X X X X X

• X-ray X X X

i _;_:, Strainsurvey X X X X X X X X

r" " _ Spectrumloadingis appliedin blocksof 10 000 flights. The half-life (37 500 flights) is exceeded
in orderto apply all loadsincludedin the fourth block

_ Catiguetest, half-life

: _ Damagetolerancetest, one life with damage I
u

, 3.1.5.4 One-Half-Lifetime Fatigue Test

The stabilizer was subjected to spectrum loads equivalent to 40 000 flights,
representing one-half lifetime of aircraft service. During the testing, structural
inspections were performed per the schedule shown in Table 3. h, review of the
strain gage and deflection data recorded during test showed no change, and no

°" apparent damage was detected during the structural inspections.

3.1.5.5 Damage Tolerance Tests-Small Damage

The stabilizer was subjected to one full lifetime (80 000 flights) of spectrum loads
i with the simulated service and/or maintenance damage present as described in

_:_ . Section 3.l.4.5. During the testing_ structural inspections were performed accord-
_-: " ing to the schedule shown in Table 3. Results of inspections conducted before,

i:i .,_ , during, and after application of one full lifetime of cyclic loads showed no flaw
growth because of spectrum loading to any of the damaged areas or no change in
original baseline inspections. Strain and deflection surveys were conducted, and
comparisons with values from earlier surveys showed close agreement.

:i Upon completion of the repeated load and durability tests, residual strength with
_ the induced damage as described in Section 3.]../_.5 was tested. The test article

withstood application of limit load for l,.ad cases 4010, 4430, and 5 with the
induced damage,
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ii/-- Loadpad

ii. Figure 16. Lower Surface Skin Repair-Station 111.1, Stringer 10

3.1._.6 Ultimate Load Tests

Load cases 3710 and 4430 were applied to 100% design ultimate load with no
: damage or failures occurring,

_ Loading was stopped at 67% of ultimate load ca_e _761 when high strain readings
_ were noted in the area of inflicted damage at the skin lower surface_ stabilizer

" station Ill.10_ and stringer 10(LS9, fig. 10). [3amage in this area was repaired as
shown in Figure 16. After the repair was made, ultimate load case _761 was
applied again. Test loading was halted when ;_raphite fibr, r breakage occurred to

• the rear-spar upper terminal Itlg at 9_._% of design ultimate load. Graphite fiber

,_' 23
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Figure 17. Graphite Fiber Breakage-Upper Rear-Spar Lug

breakage at this load level is predicted by component tests. The design includr, s
lug reinforcement to sustain ultimate loads with the graphite damaged. The
damaged area is shown in Figure 17. No repair wa'_ made to the rear-spar lug, and

_. load case 4761 was applied to 10026 of design ultimate load without failure.

Finally, ultimate load case b,010 was applied to 100% of design ultimate load, and
no additional damage occurred.
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-' Figures Ig through 21 show strain comparisons, and Figure 22 shows deIl_-tion
•ii comparisons between the test stabilizer and the predicted finite element model
i values for load case #010. Comparisons of test strains and deflections versus

:i predicted finite element model strains and deflections for the other load conditions
•: tested are similar to those shown for load case #010.

,, • Stabilizer
....... (See stations

{ '

Front
° : spar

i

c

. : _.'i':i" ---(See fig.

! . ---I--
' " _ ._.----- _'I-%e_ _.,..,= ,,,,,F;,.,._m --r---'-"
....- __________+_____-- Rear/

° I_------ _ - - .... ," sparr_: __"_--
: I

" ' 4

-- _ _ .J .L I t

...... ; .L t _-

Figure 18. Strain Comparison Zones

=-_:_i., 3.1._.7 Fail-Safe Load Tests

: The stabilizer was successfully tested to 67% of design ultimate load for load case
##30 with the front-spar lower bolt removed, for load case ##30 with the rear-spar

i_I-' _i: lower pin removed, and for load case #010 with the front-spar upper bolt removed.

I....
; During application of load case #010 with the rear-spar upper pin removed, a shear
I-# failure of the rear-spar web between stabilizer station 68.I# and 96.0 occurred at

":_.. 61% of design ultimate load (9196 design limit load). The rear.-spar failure was
I initiated by a. tension failure of graphite-epoxy fibers in a direct line between theI
_4_._ upper fail-safe lug and the lower lug. A description of the failure is summarized in
i Figure 23, and photos of the details are shown in Figures 2# through 29.
i

25
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Figure 19. Skin Pane/Shear Strains-Station 75. I
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Figure 22. Spar Deflections-Calculated (ATLAS) Versus Measured (Test)
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, Figure 28. Tensile Failure of Inboard Web Figure 29. Delamination of Face Plies

' 3.1.5.gLightning DischargeTests

Figures 32 and 33 show the lightning clischarRe damage produced at points l
" through 4, The lightning discharge tests at points 3 and _ produced punctures in

= c " the tip section skin and stiffeners delaminated from the skin. All four of the
• lightning discharge damage areas exhibit the characteristic vaporization of flame

spray coating and charring of the outer laminate epoxy resin.

Even though the damage to the stabilizer because of lightning discharge would not
affect flight safety, an additional rib was added (see table 5 in sec. 3.5.2) to

,:: control damage even f_Jrther.

3.2 GROUND VIBRATION TEST

Ground vibration testing was performed on a production 737 aircraft with a
:' : rj " graphite-epoxy horizontal stabilizer installed. The plnpose of llle test was to

measure the nat_Jral frequencies and modes of the graphite-epoxy stabilizer/

:. elevator/tab. These frequencies and mode.,, were comparr, rl wilh those used in the
fh_ttc.r analysis.
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Gage 224 ....
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222_/____

: _ •
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+_ i_' 0 Sta Sta Sta Sta .
=° ° ' 83.50 79.25 75.00 70.75 68.14

Axial strain, pc, mm/mm (in/in) _ t t
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I I I
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°+_ :i l _.(p+
: 14000 t

I

-;:,, _+. :,_ Q Test 12 000 I _,,_ll I_ - " O ATLAS analysis 10 000 i l
...... °_ _ Gage221

+', _+_ _ Pin unloaded Shear strain, pc, 8 000

++ _+_' _ Analysis model mm/mm (in/in) 6 000

'.... .: grid lines 4 OO0 t t

= + ._ 2 O00 t t
I Web shear strain

++ eL I

• Load case 4010, limit load fail-safe condition

" Figure 30. Finite Element and Strain Gage Comparison
L

o

.... The test airplane was positioned on a level surface in an operating-empty weight

_++ conliguration. The airplane was supported on the main and nose gears with redtlced
.... " tire pressure. A portable vibration shaker was used to excite the stabilizer at
......_ .., several locations and directions. "T'ests were conducted with hydraulic power on

_ and off. The test setup is shown in Figure 34.

,, Accelerometers, located on both right- and left-hand stabilizers, elevators, tabs,
and control columns_ were used to measure control system natural frequencies,

mode shapes, and damping characteristics. In addition, accelerometer data was
•.: recorded on the fin/rtJdder, win_tip, and stabilizer support structure. The
• measured natural frequencies of the graphite-epoxy stabilizer were in close

_' agreement with those of the aluminum stabilizer_ demonstratin_ similar dynamic
characteristics. A mode romprrison of the alttmintml and _raphite-epoxy strt_r-
ttzres is shown on Table _,

::_ 34
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, Figure 31. Rear.Spar Fail-Safe Steel Reinforcement P/ate

3.3 FLIGHT TESTS

Flight tests were conducted to demonstrate flutter clearance and stability and
control performance. The flight flutter teat used a production model 737-200 with
a graphite-epoxy horizontal stabilizer installed.

T The airplane was flo_vn at incrementally increasing speeds up to the airplane dive
",i" speed at three altitudes, The envelope of conditions flown is shown in Figure 35.

,.; .... Excitation of the stabilizer was performed by means of control surface impulses
and an oscillating aerodynamic vane mounted on the left-hand stabilizer tip. The
vane installation is shown in Figure 36. At each speed, subcritical damping and
frequency calculations were made from measurements taken on the empennage.
Contrnl system power on and off, autopilot, and yaw damper operation were
checked. Modal clamping {or all modes was hlgh throughout the tests.





b

i

-z_ _"; Table 4. Aluminum VersusGraphite-Epoxy Stabilizer Mode Comparison
_r_

_• Hydraulic power on Hydraulic power off

Mode description Composite Aluminum Composite Aluminum
frequency, frequency, frequency, frequency,
Hz Hz Hz Hz

I

• Body lateral bending/torsion 4.23 A 4.23 4.26 A 4.24
_ Stabilizer spanwise bending

Stabilizer spanwise bendinq 5.66 A 5,70 5.69 A 5.57

_i Elevator rotation 5.94 A 5.99 5.97 A 5.97

: Stabilizer bending/ 6.73 S 6.72 6.62
:: elevator rotation

Stabilizer spanwise bending 6.98 S 7.01 7.12

Stabilizer chordwise bending 7.28 A 7.62 Not Not
measured measured

Elevator torsion 18.42 A 18.,50 A

Stabilizer chord/pitch 19.23 S 18.18 Not Not
measured measured

Elevator torsion 19.76 S 20.32 19.81 S 20.28
c

Stabilizer 2rid 24.53 A 24.78 24.80 A
.... bending/torsion

i Note: A is antisymmetric; S is symmetric.
_ r

r
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_i,_ Front spar--_ _

,,_i, I Hydraulic and s i/ \
,_ electrical routlng_ _ /_,i \

" \ \ '
_:. Hydraulic _/. "J'/ ', k
_'_ motor \ \

)A -'
::. Vane on left.hand

:.. stabilizer only

" Rib.at sta bilizer
• / 0 utboa.-d station 239.90

closure rib

'-.:_ View A

! _ _ Figure 36. Flutter Vane Insta//ation

,_ Results of this testing with the graphite-epoxy stabilizer have demonstrated
'_i_': clearance to the Vr_/M n flight boundary and an equivalence to the aluminum
_ .'i stabilizer from a flu_'ter _tandpoint.

; _ Stability and control flight tests consisted of two phases. Phase I flight tests were
i conducted on a production aluminum stabilizer to establish baseline data. For
: phase lI, the aluminum stabilizer was replaced by the graphite-epoxy stabilizer, and,

phase ] flight tests were repeated.

Flight test maneuvers that placed the h;ghest demands on the longitudinal control
_. system were selected. These maneuvers, which were flown with both the aluminum

._ and graphite-epoxy stabilizers for back-to-back comparison, included windup turns
with hydraulic power on and off, stabilizer-elevator trades, mistrim dive recover-
ies, and simulated landings in manual reversion. In addition to tl,, back-to-back

: testing, selected certification maneuvers also were flown to demonstrate furtherthat the graphite-epoxy stabilizer produces no change in 737 handling characteris-
e/ tics. These certification maneuvers included flaps up and flaps t_0 stall character-

istics and longitudinal static stability in cruise at 9144m (:30000 ft) and 7010m
(2:3000 ft). The flight test airplane was flown by an FAA pilot as part of the

• stability and control and autopilot certification flight testing. Back-to-back flight
test conditions demonstrate that there are no significant differences in observed
flight charactPristics when the aluminum stabilizer is replaced by the graphite-
epoxy stabilizer. Flight test results show that the graphite-epoxy stabilizer is
equivalent to the aluminum stabilizer and, therefore, will satisfy all handling
qualities requirements of Federal Aviation Regulation 2_ (FAR 25) for the
model 737.
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___'_5='S'" 3.# FAA CERTIFICATION

..= ..

=:,i:'o ,_ FAA certification was achieved by showing compliance with the requirements of
,,;_,, _ FAR 25 and Composite Guidelines AC 20-107.

" Compliance was demonstrated by structural analyses and supporting test evidence.
iii':iii The test program that produced the supporting data included a full-scale ground

._.. test, a flight test program, and an ancillary test program, all discussed in previous
--_'__.... sections of this document and in References 2 and 3. Structural analyses included

_,_',.: a finite element model analysis (ATLAS), an ultimate strength analysis, and a
• ,_:, damage tolerance and fail-safe analysis. These analyses and supporting test data

were submitted to and accepted by the FAA. Certification of the 737 graphite-
_-- epoxy horizontal stabilizer was issued in the third quarter of 1982.

_-_'_': 3.5 WEIGHTS

3._.I Production Analysis

i _ Weights were calculated based on production drawing configurations. The values
were used to replace the evaluations derived from the extrapolation of the stub box

=:_ design that comprised the preliminary weight comparison (table 35, ref. 3).

-_ Completion of the production drawing evaluation resulted in an increase of 9.7 kg
: (21.1 lb). The predicted total weight of the graphite-epoxy inspar structure
, foUowing this revision was 183.3kg (#0#.1 lb) compared with the aluminum

.... i _ structure weight of 238.3 kg (525.4 lb), a reduction of 23%.
o .

7

• : As production hardware became available it was weighed and compared with the
respective predicted values. The front- and rear-spar weights were approximately

o , 6% and 9% heavier respectively, and the lower skin panel exhibited a weight 7%
: lighter than predicted. A reevaluation of the production drawings revealed errors

-- r'"i in calculations, which when corrected showed closer correlation between the actual
_ and predicted weights. These predicted weight changes resulted in a net 0._-kg

(0.9-1b) weight increase.

: The addition of plies to the front- and rear-spar webs to correct a negative margin
o, _ of safety condition resulted in a 0.7-kg (l.ta-lb) increase.

::. Stainless steel (15-5PH) was substituted for titanium (6Al-t_V) for the front- and
" " rear-lug straps (described in sec..3.1.3.5 of ref. 3) because replacement titanium

...... was not available within the timeframe of the contract schedule. This change is
..... not reflected in the stabilizer weight status. Follow-on advanced composite

..:. horizontal stabilizer lug straps will be titanium in compliance with the released
_, . production drawing material callout.

Two production design change _. were required late in the program to correct
, deficiencies occurring during final testing. The first test failure occurred during a

_,, lightning strike test. Penetration of the skin and delamination of the stringers
,, required rework of the five shipsets by adding a stringer support rib. The

- production equivalent of this rework calls for the addition of a one-piece rib,
' installed in a similar manner to the rework rib.



Table 5. Metal and Graphite.Epoxy Horizontal Stabilizers-
....._, Inspar Structure Weight Comparison

Baseline Advanced Weight ,qht

:: ' aluminum composite difference, . .=rence,
.. Item stabilizer stabilizer kg (Ib)/airplane %

.<Y

structure, structure,

,_i kg (Ibl/airplane kg (Ibl/airplane

<, _ _.r

Front spar 31.3 (69.0) 21.2 (46.8) -10.1 (-22,2) -32,2

.... Rear spar 71.1 (156.8) 51.6 (113.7) -19.5 (-43,1) -27,5

........ Skins

_- _ • Upper 36.2 (79.8) 39.0 (86.01 +2.8 (+6.2) +7.8
___ • Lower 36.2 (79.8) 40.2 188.71 +4.0 (+8.9) +11,2

_ _._, Ribs 60.9 1134.21 34.1 (75.21 -26,8 1-59.01 -44.0

_ Corrosion protection - - 1.0 (2.2) +1.0 (+2.2) -
r)

Lightning protection - - 0.0 (0.0) _ - _ -

Access doors 0.7 (1.61 0,0 (0.01 -0.7 (- 1.6) -100.0

Gap cover _ppo_ 1.9 (4.2) 0.0 (0.0) [_ -1.9 (-4.2) -100.0

_ _' Total stabilizer inspar

structure per airplane 238.3 (6254) 187.1 (412.6) -51.2 (-112.8) -21.5

Stabilizer TE/elevator
interface thermal

;_,_ expansion provision - - 15.5 - +15. 5 - -

_:,_ ..

:__" l_ _ 1.0 Ib included in skin panel weight.

!.

_ _:: I_ _ Gap cover support structure integral design of inboard closure rib installation.

r±

The second test failure occurred on full-scale ground test article during the fail-
safe maximum negative bending condition when the inboard rear spar web failed at
61% design ultimate load. The rework required on the five completed shipsets

_ _. involved joining the aft fail-safe and lower lug strap by a web. The production
..... . equivalent is the localized addition of 4 plies of fabric to the spar web and chords

- and a material change from aluminum to steel for the inboard closure rib attach
- angle (65Cl7828-3). These two changes added 0.I kg (0.2 lb) and 0.8 kg (1.8 lb)

respectively to the horizontal stabilizer inspar structure weight. A plot depicting
the weight trend throughout the program is shown in Figure 37.

3.5.2 Conclusions

- The final weight status detailed in Table 5 shows a production graphite-epoxy
._ component weight of 187.l kg (t+12.6 lb). This is S1.2 kg (112.8 lb) lighter than the
:. comparable aluminum structure, a weight reduction of 21%.
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Table 6. Predicted and Actual Composite Stabilizer Inspar Structure Component Weights
!':i "

Actual weightsper shipset
':L:! Predicted

c Component values No. 1 No. 2 No. 3 No. 4 No. 5

_,_'i LH RH LH RH LH RH LH RH LH I RH
Front spar,kg 9.8 9.7 9.8 9.8 9.8 9.9 9.8 10.1 10.8 "1'(),0 10.0

•,:" (Ib) (21.5) (21.3) (21.6) (21.5) (21.6) (21.8) (21.6) (22.2) (23.7) (22.1) (22.0)

,_, ,i R_earspar,kg 22.3 22.5 21.9 22.6 22.4 22.6 22.9 22.5 22.6 22.7 22.6

(Ib) (49.3) (49.5) (48.2) (49.9) (49.4) (49.9) 1 (50.4) (49.5) (49.9) (50.0) (49.9) i
! Skin panel- 17.8 17.8 17.9 18.1 1'8.4 17.6 17.6 17.4 17.6 17.7 18.2

_:: ,_ upper,kg (Ib) (39.3) (39.2) (39.5) (40.0) (40.6) (38.9) (38.9) (38.4) (38.9) (39.0) (40.2)
i , rJ

Skin panel- 18.8 19.1 19.1 19.3 19.4 19.0 19.3 19.0 19.0 19.0 19.3
! ;=,o " lower,kg (Ib) (41.4) (42.1) (42.2) (42.6) (42.7) (41.8) (42.5) (41.8) (41.8) (41.8) (42.5)

_ _ Rib de'tails,kg 9.3 9.6 9.6 9.9 9.6 9.5 9.7 9.9 9.4 9.8 9.8
,_ : (Ib) (20.5) (21.1) (21.2) (21.9) (21.1) (21.0) (21.4) (21.8) (20.8) (21.6) (21.6)

.....i, Totals. kg 78.0 78.7 78,3 79.9 79.6 78,6 79,3 78.9 79,4 79,2 '79.9
_. :. (Ib) (172.0) (173.2) (172.7) (175.9) (175.4) (173.4) (174.8) (173.7) (175.2) (174.6) (176.2)

: Difference, - +0.7 +0.4 +2.3 +2.0 +0.8 +1.6 +1.0 +1.9 +1.5 +2.4

c

Because of the assembly sequence for the horizontal stabilizer, it was not possible
• to weigh the inspar structure in the configuration as reported in the predicted

; weight statement (table 6). Therefore) components weighed under the actual
" weight program were tabulated to the appropriate shipset and compared with the

predicted values. The total predicted weight of the subject components per shipset
is 156kg (344 lb) or $3% of the total inspar structure. The remaining 31.1 kg
(68.6 lb) comprises installation fasteners, non-graphite-epoxy components, small
graphite-epoxy angles, corrosion protection provisions_ and rework changes not
incorporated at the time of actual weighing.

" • This tabulation (table 6) shows weight diflerences of 0.4% to 2.4% over the
predicted values for the five shipsets and an average overweight of 1.4%.

' It would be expected that in a full-scale production mode) the percentage
: overweight would be reduced because the actual component weights include liaison

fixes to salvage rejected parts. The defects occasioning the liaison rework would
, be greatly reduced on a production run.
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_.0 PRODUCTION

_:..,_' #.I DETAIL TOOLING

i_._i Detail tools for the fabricationof composite components were designed and
constructedto productionstandard:-,and used for fabricationof verificationhard-
ware. Because the test box b_lilt for verification encompassed only 30b,.g cm
(10 ft) of the stabilizer. _ number of tools were tried for the first time at the

• startup of production operations. Also only those portions of the large skin panel
_;: and spar tools that were contained within the test box had prior tryout. As a

result, some tool development was necessary during production of the full-size
article, btlt there were no major deviations from original concepts based on prior

' fiberglass tooling experience.

g'g_r, _.

Both male- and female-configured layup tools were used. Male tooling was
preferred and most commonl.y used because tool fabrication and layup and bagging

::. operations were less costly. Female tools were used wherever necessary to avoid
-:i _" !i having honeycomb core against the tool surface.

4

_,: Layup mandrels were designed and fabricated for multiple use wherever possiblel
:_ ." i.e., the tool was capable of producing both left- and right-hand components.

!_: Aluminum, steel, and fiberglass materials were used for the tools. Material
.... selection was based on part size and complexity. Although lower thermal
o : expansion made steel the desired material, its weight and low heat-up rate were
,._- factors that led to the selection of aluminum for large parts such as skin panels and
-. spars. Shrink factors were developed for both metals to account for tool thermal

...._,_o'_ expansion during lg2°C (350°F) cure cycles. Laminated fiberglass had limited
•" usage.

_,,j'

" _'! #.2 ASSEMBLY TOOLING
L,

_ New tools were designed and fabricated for stabilizer assembly operations. These
_-:_': tools are similar to existing metal stabilizer tools, but are fewer in number because

.. the major assembly work is accomplished in one stage. The reduced number oz
'-.,;_" internal structural members and one-piece cover panels for composite units

_ , allowed a one-stage operation. These features and other engineering design

-o_,,_! variances disallowed using existing tool designs and constructing dual-purpose tools
for stabilizer production. Tooling consisted el left- and right-hand units for rear

_!., ; spar, front spar/leading edge, and major a_sembly operations. The rear spar and
• trailing edge were joined in a tool common to production. Existing master tooling

i. was used as a control medium to ensure interchangeability at the stabilizer/ele-
, . vator hinge centerline,

r Conventional tooling methods were used to design and construct all tools, but
_ _: unique features were included to accommodate the special equipment developed

-° ......_ for drilling and trimming composite parts. This equipment included such items as
,. ' high-speed (Ig 0O0 r/min) tapered drills, diamond-coated router bits, and dust

co!.[ection systems. For the [atter_ vacuum nozzles adapted to drill motors and
• router- units were used in conjunction with portable vacuum canisters.

• Index holes sized to the drill motor vacuum nozzle diameter were used in assembly
, tool drill plates to provide positive dust management during drilling operations, as

well as proper hole location and drill alignment. Restricted access prevented use

•. _,._,-:_,,.,.. ' : _:,gtl_' _L' .
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of this system in some areas of the spars and major assemblies. In these areas, a
" hand-held vacuum hose was used.

-- ( : ,,:

[1: .:-

,, The tool tryout conducted during assembly of the left-hand test stabilizer and
. :. shipset l identified some modification necessary to improve tool use, but for the
:, '. most part, the conventional tool approach worked quite effectively,

=i"i_'::..i:_ #.3 COMPONENT MANUFACTURING

.::,, Production facilities at Boeing's Fabrication Division in Auburn, Washington, were
_,/?,::: selected to produce advanced composite components and certain new metal compo-
-_,'_';_,:, nents. The facilities were modified as necessary to accommodate the unique

_" processing requirements of the composite materials. To support the composite
..... program, systenl_ and procedures in use for ongoing commercial airplane manu-

•"::_ facturing were employed for release of engineering drawings, production plans,
• part fabrication orders, and schedule compliance. Personnel assignments were

_c." made from the pool of production workers already engaged in normal fiberglass and
:: metal manufacturing operations.

The fabrication of composite parts for the Advanced Composite Stabilizer program
? ,_ was performed to the requirements of a Boeing process specif._cation using the

i,° _i:: method for no-bleed material. The procedure is basically the same for laminate or
=_'_'"__,_ • honeycomb parts. The fabrication can be divided into two operations: layup and

:'_::i': bagging (fig. 38) and curing (fig. 39).

: NylonvL'uum I_

_- Surfacebreather

, FEPpartingfilm

!; i'_ . . . _ ........ t BondableTedlar
(whenrequired)

• .- H./" ,,'11 /,,i /// i.. _!1 II/= i" Peelply
-,. ?. (whenrequired)

' I

Edgebre=mer

,_,_', Figure 38. Bagging P_ocedure-No.Bleed M_terial
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Hold 129 i I_) rain
• at 173e+5©C1355° +10°F)
- 173 -13651 (temperature bored
,, onIqi,,e m_,,m_,_mbl

• !

..... : 121 -1250)

. _s"

_-_.;._.I j Below60' C 1140° F)
_ " J relemepflmure and

removepart (temperatures
f basedonlagging

" 70 thermocouple)2O

Time, min----_

-"'-" Apply 55.8 cm 122in) H9 vacuumminimumto vacuumbag Vent vacu,,mbagto i
itmospherewhen

rl _ I Apply 586.1 +103.4 kPa (85 ±1051bf/in2)pressurefor laminate pressureres_t,_s
i..i. Apply 310.3 d34.5 kPe 145_) Ibf/in2) pressurefor sandwich 137.9 kPa 120Ibf/_n2)

Figure 39. Cure Cycle-N_Bleed Materid

:= o Layup and bagging began with preparation of the laminating tool. The tool surface
was cleaned with methyl ethyl ketone (MEK), and a mold release agent, Freko*.e

..... FR 33, was baked on the clean surface for 30 rain at 121°C (250°F). The too[ was

o then ready for layup. The graphite prepreg was laid on the tool in the directions
specified on the engineering drawings and cut to shape. After every two to three

, plies, the laminate was compacted by placing a temporary vacuum bag over the
'_ laminate and drawing a minimum vacuum of 55.88 cm (22 in) of mercury. After

• the Jayup was completed, peel ply or bondable TedJar was placed over the laminate
as required. (Peel ply is used on surfaces that are secondarily bonded or painted.

• Bondable Tedlar is us'd on all honeycomb components as a moisture barrier and on
solid laminates to isolate the graphite laminate from aluminum elements.) A
fiberglass edge breather with a vacuum connection fitting then was placed around
the periphery of the part. A minimum of l.gl cm (0,75 in) was required between

'/" the part edge and inside edge of the edge breather. A single fiberglass yarn was
. placed between the base of the layup and edge breather to evacuate air from the

layup, (Additional yarns may be used at the discretion of the shop to provide
• adequate removal of trapped air.) Thermocouples were located in the excess area

• ORIGINAl.:PAGE IS
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:_. of the part to monitor the curing temperatures. A 2-roll FEP partin_ film was laid
' over the part and extended to the centerline of the edse breather. An Airweave SS
.. surface breather was placed over the part and extend • to connect with the edge

breather. Finally_ the part was bagged with 2- or 3-mil nylon vacuum bag
" material. The bag was sealed to the tool with high-temperature-resistant extruded

'.7 , ,

_;: sealing tape. A minimum vacuum of 55.88 cm (22 in) of mercury was applied to the
..... vacuum bag, which then was checked to ensure that it conformed to the part shape.

I'

: The bag also was checked for leaks by disconnecting the vacuum line and
monitoring the vacuum drop.

o

•' After verifying the bagging step, the part was ready for curing. StilJ under full
. ,_ vacuum, it was placed in an autoclave, and the vacuum connection was coupled to

• an outside vent line. Immediately upon closing the autoclave, pressure and heat
were applied. When the pressure reached 137.9 kPa (20 Ibflin2), the vacuum bag
was vented to the outside atmosphere. (For solid laminates, the maximum pressure

" is held between 556.i to 689.5 kPa (85 to I00 Ibflin2). For honeycomb parts, the
-., maximum pressure is between 275.8 to 344.8 kPa (40 to 50 Ibf/in2).) The part was

.- heated at a rate of I to 2.$°C/min (! to 5°F/rain) to a maximum temperature
between 174 to 185°C (345 to 365°F). This temperature, based on the lowest
thermocouple reading, was held for 120 to 180 min before cool-down was started.

", (The cool-down rate is a maximum 2.8°C/min [5°F/mini.) When the highest
,_, i thermocouple reading reached 55°C (140°F), the pressure was released from the

_=,, autoclave, and the part was removed. After the bagging material was removed,
:_.+:"'+: the part was ready for trim and final finishing.

~

tt.3.1 Component Statistics

.... The magnitude of the stabilizer program is illustrated by the number of com-
ponents used" graphite components, 250l _raphite components and assemblies
shipped for assembly buildup, ]22; and nongraphite components, 268.

o ,

The major graphite component assemblies used for each right- and left-hand
stabilizer final _ssembly were"

• Upper skin panel
+ • i Lower skin panel

• Front spar
• Rear spar

" • Trailing-edge beam
• Seven inspar ribs
• Inboard closure -ib

• • Outboard closure rib

• • Lightning strike support rib (rework)

_ 4.3.2 Skin Panel Fabrication

The stabilizer skin panels were fabricated as a cocured unit that incorporated both
the l-stiffeners and the skin layup. The l-stiffeners were laid up over mandrels,
debulked, and then positioned on the skin ply layup for cocuring (figs. 40 through
43). Because of the warp in the _Lub box panels, the extent of spaw_wise and cross-

; section warpa[4e that would occur when produring full-length panels was a concern.

• -- . + ......
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. Figure 44. �-Stiffened Skin Pa,el Sh()win.q Sl_anwise Warl_
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._, Figure 45. Front-Spar Channel Layup Mandrel .i
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Figure 46. Front-Spar Layup of Fillers in Lug Area
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• Figure50. Front SparAfter Final Bond
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Figure 52. Rear.Spar Channel Halve=
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° Figure53. Rear.SparCloseupofLug Area
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Figure 54. Rear-Spar Preparatiot_ for Final Bond



• Figure 56. Rear-Spar Preparation for Inboard End Trim
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-.,.. halves was satisfactory. Aflc.r bonding the ,'_par cap,_ to the ct_annel section,

however, both spars exhibited spanwise warp away from the bond tool (fig. 57).
Subsequent net trimming of the caps and cutting of access l_nles relieved the
condition in the front spar to the point where light hand pressllre co iIc.I place it in

.: proper fitup to the bonding tool. The rear spar had a greater arnount of warpi

-:g_,ii:: however, and these operations did not relieve conditions enough to avoid having to
provide tooling assist in the assembly stages to hold it in proper contour position.

e ., l i_
., I_

{

i "'

[ :.

Figure 57. Spar WarpageF-

Ir_ '

i

i _,3.4 Fabrication Problems and Solutions

Overall, the production problems for the five stabilizer shipsets were minimal and
: only occasionally caused setbacks in the production schedules, The predominate

_ problems experienced were"

Delaruination Shipset I, Right-Hand Upper Skin Panel-Component fabrication for
,,..: shipset I was completed on schedule except for the right-hand upper skin panel.

Completion of this panel was delayed by an unexpected problem caused by
- :_ delamination ol some of the stringer caps after the cure cycle. This production

_, -. article exhibited delamination in five stringers (fig. 58).

,; Two sets ol test panels were constructed to determine the cause of the problem.
The first panel was five stringers wide and 152.# cm (5 ft) long. Suspected factors
tested were material age, bagging techniques, caul-strip buckling, and bond-line
contamination. This panel showed no delamination. The age of the material was

: ruled out as a contributing factor, but it was determined that a full-length panel
". test was required to fully assess other probable causes. The second panel was six

"*- stringers wide, each with a different layup and bagging technique for capping the
stringer ends_ tying down the aluminum caul strips, and for resin bleeding.

'_ (j .,
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, _ __- • Pmrtnumber66C17805.2
, Stringercap

-. Delamlnatlon

View A-A rotated 90 de@,no scale

Figure 58. Oelarnination in Stabilizer Upper Skin Pane/2'

The lull-length test panel showed no delamination and established the need for
'_:_:',' _ revisions in present layup and bagging techniques to ensure that the condition
_!_'.:i :. would not recur. As a result, the full-size production panel was remade with the

Revisedend slflp
Myllr Wpa

., Strlngere.al)

* : Sili¢onerubberendcap stdng
.:-: -_rw_s _f_mti_ S_nger

Skin panel

•" Edgebhm:ktr A Tool

Caul=tdp
: Pmviou| Mylar _ ,,=_CIp

:... tmpaend _" _,,_ Stflnger
PtUet Myllr _//_ __ Layupmandrel

tapepolltion--_ E;;_iL _ Bag :'- Skin panel
. .. ////////

_. Tool

VI_ A-A, no scale
,;

• Figure 59. St_,,'izer Typical Skin Panel/Stringer Layup

".°
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• Carrel strips were shortened and refinished with Teflon to provide less friction
ancl prevent bucl<ling.

• Mylar lape used to hold caul strips in place was extended to tie into tile

: slt'inger nlandrels.

:. • String was added at tile ends of stringers to provide a bleeder path to tile
" edge bleeder.

.... rl ' The first two changes were made to prevent interference between the caul strips
__ _:, and tim rubber caps during cat,l-strip expansion and, thus, eliminate pL,tential

,:' l}uckling of the strips. The taping was altered to enstlre positive tiedown of the
" caul strips° and the bleeder string was added to control and reduce resin bleedout.

,: 1"he remade panel exhibited no delamination.

• Warpage Rear-Spar Assembly-gpanwise warpage was a problem in producing the
" spars for the left-hand test unit. Programs instituted to correct tile problem were
_-: StlCCeSsful. and spars for shipset I were within engineering tolerances.

Evaluations of the fabrication processes used during production of the left-hand
_ ._ units and developmental test programs showed that there were three primary
" _i reasons for warpage: temperature differential between the tool-side spar cap and

_ the upper spar cap, interface friction between the tool and the part, and cool-down
..... ,i, rate. To correct these conditions, processing changes were made:

.... • Temperature differential. Two plies of style 1597 fiberglass were placed over
- }_ tile upper spar cap as an insulation blanket to balance the temperature

between the upper and lower cap during autoclave cure (fig. 60).
I

Two plies of

.:_: : fiberglass insulation

: Graphtt_apoxy e._t

,_ Teflon slipsheet

r" .,...,._ Graphit_moxy channel

Note: Useof fiberglassinsulationand
.. Teflon slipsheetto reducewarpage

Figure 60. Spar Bonding
i:

..... I|1/
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• • Spar/tool interface friction. A Teflon slip sheet was applied between the tool
..... surface and the part to allow expansion and contraction of the tool without

inducing stress buildup in the part (fig. 60).

• Cool-down rate. The rate was controlled to a maximum of l°C/min
(2°F/min) rather than to the allowable 3°C/min (5°F/min).

-'...-

", Resin-Starved Areas-Work was suspended on advanced composite components for
_ shipsets 2 through 5 while engineers assessed methods to eliminate local areas of

-. the resin-starved surface appearance. The assessment indicated that only the ribs
and skin panels presented a problem and that a design change to replace 3K-70-P

..... ' fabric with grade-95 tape on the tool sides of these parts would correct the
:/',, _ " conditions. The change was tried on a test rib and skin panel, which showed a
......,,_ marked improvement in surface quality. Drawings were subsequently revised to
:_"°°"=' reflect the change in design, beginning with shipset 3. Another concern was the

--_ potential for fiber breakout by drills exiting through rib flanges. To correct this
_o_-_,,..,=_.,_.. condition, one layer of 120-fiberglass fabric was added over the graphite-epoxy
_;_"__;. ..i tape plies (tool side of the part) on the rib flanges and surfaces of the ribs common

_... to the rear-spar attach angles.

=_ _, - Bonding Failure-The shipset 3 left-hand rear-spar and trailing-edge beam were
-:-, _,? scrapped and had to be remade because of bonding failure. An electron spectro-

o scopy study of the bonded surfaces disclosed traces of silicon, and chemical
analysis of the Frekote release agent showed the same silicon compounds. It was

:" determined that the most probable cause of Frekote contamination of the bonded
: surfaces was either the wiping cloths or the MEK cleaning fluid. The latter was
_,..i more probable, since the two liquids are identical in appearance and were kept in

° " identical containers. The entire bonding procedure was subsequently reviewed, and
appropriate procedures were implemented to prevent this recurrence.

:'"' 4.4 ASSEMBLY OPERATIONS

_::- The first major assembly step was the buildup of the rear-spar/trailing-edge area.
Buildup consists of the rear-spar assembly (figs. 61 and 62), elevator hinge support

" ribs, trailing-edge beams, inboard and outboard closure ribs, and the upper and
.--. - lower trailing-edge skin panels (figs. 63 through 66). The assembly tool provided
_..'::':._':__........: tooling assistance for holding the warped spar in position. Shims were not needed

...._,_ for fitup of the metal ribs to the spar.

,_ Boeing Wichita Company performed a fit check of the production elevator/balance

_:_::_:_, panels on the left-hand test unit (fig. 67). The fit check uncovered minor
_._._:_......;.. interference problems between the elevator skin fasteners and the trailing-edRe

beam of the stabilizer, and it also determined that the installation time was
approximately three times longer than for production line units. The primary

_:_.

_i:_ ....
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,_i_, Figure 65. Left.Hand Rear.Spar/Trailing.Edge Assemblies-Inboard End
! View of Advanced Composites (Left) and Metal (Right/
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Figure 66. Left-Hand Rear-Spar/Trailing.Edge Assemblies-Outboard End
View of Advanced Composites (RLqht) and Metal (Left)
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Figure 67. Stabilizer During Fit Check to Production Elevator/Balance Panels
_ l,

reason for the latter condition was the extra time required to convert to the
elevator hinge attachments that allow for thermal expansion differences between
the advanced composites stabilizer and the metal elevator. Engineering design
revisions corrected the interference problem.

• The stabilizer box was fabricated by joining the rear-spar/tral]in_:-ede;e assembly,
i front-spar assembly, inspar ribs, and skin panels, Production problems associated

with the advanced composite components were minimal. Drilling and counter-
" ' sinking were readily accomplished, and part fitup was good. Skin panel warpage, as

noted in Section 4.3.29 did not present the problem that had been anticipated.
b

The panels conformed to contour with hand pressure, and the original tooling
provisions thought necessary For that purpose were not required. Sequential
fastening was used to install the panels, assisted by Cleco clamping to hold contact

• at the rib locations. As experienced on the model 727 elevator, the nutplate
installation for the closeout (upper) panel was time consuming, and some titanium
bolts galled and prematurely torqued out in the crimped steel nutplates. The Visu-
lok blind fastener, which was substituted for nutplates and bolts on the elevator,

° was not used on the left-hand stabilizer because of the requirement to bond a
.... washer to the interior surface. Alternative blind fasteners ("Bigfoot") were

.... . examined for use on shipsets I through 5.
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• Figures 68 through 71 depict the sequence of production buildup of the major
,; assembly. Completed stabi_are shown in Figure 72.

IJ I

': i i

c. - .

•_t, ,

. Figure68. Left-Hand Trailing Edge,Front Spar,and Inspar
Ribs in Major Assembly Tool-Inboard End View

. _ , | •

I I

i
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• I

i

,!. . Fi_1re69. Left.Hand TrailingEdge,Front Spar,and Inspar
Ribsin Major A._emb/y Too/-Outbr_rd End View
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Figure 70. Left-Hand Stabilizer Box With Lower Skin Pane/in P/ace
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....: Figure 71. Left-Hand Stabilizer Box With Upper Skin Pane/in Place
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.......::., Figure 72. Comple#edStabilizers '

/

-.i #._.1 Assembly Schedules

,. Nine major assembly positions were scheduled for each assembly:

• Front spar
: • Rear spar

• Rear-spar and trailing-edge join
• Stabilizer major assembly
• Stabilizer mill and bore

-,, • Stabilizer-floor pickup position
• Stabilizer -seal

" • Stabilizer-paint
S

o • Stabilizer-shipping preparation

The total
five-and-one-half shipset program was accomplished on schedule with

. minimal disruptions. Figure 73 shows the program master schedule.
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• Majorevents 25% 1100%drawin9 No. 1 shipset No. 1 shipset

r Program release release groundtest flight test
: : authorization 9.11 1-15 (mid-July) (late October)

.,:, •, , End June • • _ •i i i i

I _ .... Preliminary
i ...... MSCR

' )! I',. ..... • Planning • •
, 10-15 9-1 5-3

_ei0i leiil ll0oaool_ nl0oi annl_liliaumliiiuuimn

i:" Stabilizerassembly
O/D Renton

_= • 8-10
• BMAC assemble •

_, LH test

O/D
8-15 3-24

• AssembleNo. 1 _ •
" shipset

O/O
3-12 7-3

_i_ i • AssembleNo. 2 • •
i shipset

o/ooi 5.19 9-5
F_'' • AssembleNo. 3 L •Immlmmmz

_' :_;-:"", shipset

O/D
7-24 11-4

.'.- • AssembleNo. 4 • •

!, , , _hipset Assembly
:E. O/D
=_ ;, 9-25 12-23

"' • AssembleNo. 5 • •
• ° shipset

r-_'_ Figure 73. Operation Phasing Summary

_! _._.2 AssemblyProblems

_:s ,, The Bigfoot blind fastener used in the shipset i skin panel installation required
_._-,_:_..,

:: i_ _ excessive labor hours to shave inconel pins that broke off up to 2_ mm (0,10 in)
--o,=....! from flush.

t

1 The problem was resolvedon shipset 2 by using the Bigfoot fastener with an A286
'. steel pin. The change reduced shaving time 70% on shipset 2, or t_Q labor hours per

-:._,i airplane,

I ,' i

.__--:: Hole breakout was encountered on shipset .3 when drilling unidirectional-tape-• finished skins. The problem was reduced but not eliminated by priming the skin
= i surface and using wooden and phenolic blocks as backup. In the event of a

_i. follow-on program, it would be beneficial to develop a template _o be spotted on
: ,,:_':!, the outer-skin surface,

69 _"
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:_:,--_........... This section presents the analysis of production cost data for the five-and-one-
:,-.-:........" half-shipset production run. It addresses only those costs directly incurred in
_) .........i producing five-and-one-half shipsets of 737 advanced composite stabilizers using;
_'-_':,_:.'. the methods and techniques developed during the preproduction phases ol the
--_._ .._." program. Manufacturing process, assembly, and tool development considerations,
_'-;)_'!::}.:!_'_,i and their production applications are discussed in detail in Section 5,0 ol Reference
;-:iLii:!;i_4...._..:,...... , 3 and Section ¢.0 of this report.

.- ,_,, Total production program costs shown in Figure 7t_ reflect the fabrication and
= _ :: manufacturing processes used in a semiproduction environment for the five-and-

........,_._ _ one-half-shipset program. Tooling and component manufacturing percentages are
! relative to overall costs in dollars; engineering costs are not included,

_..._._,: Work was performed in production shops by employees whose experience and skill
_ i levels represented a cross section of the shop work force. Component fabrication

was performed with hand cutting and layup of broadgoods, ply-by-ply inspection,

i_i and hand trimming. Tooling was designed for extended production; however, the
.... tool rework and improvement effort was restricted to the five-and-one-half-shipset

_" _-!t contract.

.>
Tooling#

I l Componant.manufacturing

9% Computing 3%

/ I

Fabrication r

= _ ', tooling

_, : 26% Material! /,

1 12%

Total

L. _ tooling
:'_ 39%

=" "=" Burden

i _ " labor

_'' _ 85%

, ! Assembly Component
_ tooling production

13% 46%

' _ ' Figure 74. Total Recurring and Nonrecurring Production Costs by Major Element-5_ Shipsets

.at _ :','ll

_. _. _ .............. .. ........ _ _, _ :.......... _,.-._.-_._.- .......... _?_.-_!:...--_-:--, ,, _ . :.. _.,:_.......... _..=,==_
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,. These activities were representative of the production processes that would,
. insofar as practical, be used to produce a large number of stabilizers. It is likely,

however, that by adopting improved manufacturing processes, the per-unit cost of
stabilizers produced in a regular production environment would be significantly
lower. Projections of production cost trends are d!.scussedin Section 5.3.

" 5.1 LABOR COSTS

:i Total recurring labor costs by shipset are detailed in Table 7. Separate costs are
: recorded for the larger process assembly items (i.e., cover panels, ribs, spars, and

; beam assemblies) because they are produced from single unit orders. Costs of lot=
r_ F " time items are prorated equally among the shipsets and are included in the unit

COSTS.

,. . Table7. RecurringLabor Hours- 5 Shipsets

_ Lift hand Righthond
'. " Description Total

'i 1 2 3 4 5 1 2 3 4 5

=Frontspar 7817 862 "1_1030" 753 867' 712 817 2_614 853 633 _876

•, : :': " Rearspar 9 240 1066 653 1195 735 829 877 5_)1240 829 800 614

_'.::'i Ribs 5 201 401 437 624 {_)664 526 372 464 589 628 496
_, .. ,,:_' Bean_assembly 3492 331 387 441 326 392 357 380 297 210 431

o :i" Upperskinpanel 3578 213 261 _ 7 400 323 (_604 _592 239 _607 272
4 o_' Lowerskincartel 3 273 286 464 305 251 • 279 342 279 340 328 _'_419,

' _:. Graphitecomponents 32601 3201 3402 3325 3043 3061 i 3369 3539 3147 3206 3308
i-_,.

Nongraphiteand 2 092 215 291 178 173 19_ 215 290 175 173 192
_" blankettime 2 870 282 299 293 268 289 296 312 277 283 291

. "_ ManufacturingEngineering,
_ r _ __ Planning 2 026 203 202 202 202 202 203 203 203 202 203

.... :_i Qualitycontrol 7 890 745 792 774 708 713 784 824 732 747 771

....... Fabricationrecurring 47178 4646 4986 4769 4394 4438 4867 5168 4534 4611 4765
, , , ,, ,

i Unittimeassembly(CCS) 7 445 875 816 681 731 660 946 724 650 724 638
; Nongraphitefabrication(CC40) 5 538 661 607 507 544 491 704 538 483 539 474
'i

Subassembly(CC42) 5 399 634 592 494 530 478 686 525 472 525 463

AIIocables 7397 869 811 677 726 655 940 719 647 719 634

O,nl;'.. ...... 2 066 243 226 189 203 153 263 201 180 201 177

Planning/Engineering/
Finance,direct 831 97 91 76 82 74 108 81 73 81 71

' _ !i; l ....... ,.,:, ; 500 58 55 45 49 44 64 49 43 49 43
:_ " RecurringWichitaassembly 29 176 3428 3198 2669 2865 2585 3708 '1 2837 2648 2838 2500

:t:..... _' Engineering/MR&D/ 3 579 381 373 365 334 336 370 389 345 352 364
o ' 'Pllmning/QA

' , liaisonsustaining

..... Totalrecurring 79933 6425 8557 7803 7593 73!_9" 8945 8394 7427 7801 7629
. , , , ,,, , .

' ' _..... (_) 93 st.rap (_ Changedto tapeandfundedby Boeing/516hr

';., (_ 126 scrap (_ 133 rework,931crap

(_) 129 scrap (_ 283 Icrap

_) 109 scrap (_ 269 scrap

(_ 242 rework (_) 129 scrip
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Nongraphite parts common to both tt_e composil_, and metnl _tal)ilizors required
'_ rework of the tools to accommodate differ'ences in configuratioll, l'l)e costs of

fabrication of these nongraphite parts have been segregated and are identified in
_: Table 7 and Figures 75 and 76.

Figure 75 and Table g show the total recurring and nonrecurring component
,_ production labor expenditures excluding tooling. The data provide a breal<down of

the labor expenditures into the categories of component fabrication, Manufacturing
:_i-, Research and Development (MR&D), and assembly, The MR&D effort was liaison

.. support to che fabrication and assembly work. Figure 75 shows that 6t_% ol the
_..:.,_.:. total labor was for component fabrication including planning, This compares to

/: only 30% for assembly including planning and 6% for liaison support, For
....:....... aluminum, an average based on 200 shipsets experienced 6#% of total labor for
--') ,,

,. _..,. fabrication and 36% for assembly.

,, ': : Nongraphlte
...."_' " component

' labor /

;!-: 11% /

;:_ ,..'

'_ : Assembly
:_ labor

:_ :".r 25%

' Total

'_ . assembly Graphite." 30%
Labor Total component

__ _': .... 114 254 hr fabrication fabrication
,. 64% labor

_,: 44%
=

i"

..... ' Assembly
" '=_' planning

5%
u

MR&D
6%

Fal_ncation

_,, , planning
.-: 9% I

I

_ Manufacturingresearchand development

Figuro 75, Total Recurring and Nonrecurring Component Producffon Labor Hours--5½ Shipsets
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' Tablt,8. " ComponentProduction Labor Expenditures-Total Recurringand
_ Nonrecurring (Excludes Tooling and Engineering)

=

Laborhours
Jll i J i LI i, i i

Ground test Five Totals

:?. unit shipsetsi i

i , necurr,nu
: - . _ • Fabrication (excludingplanning) - 51 876 51 876

i ,_..... t Fabrication planning 2 058 2 058• Subtotal fabrication - 53 934. 53 934

_: ' ' • Assembly(excludingplanning) - 21 123 21 123

:.. _ • Assembly(planning) - 225 225
_ . • Subtotal assembly - 21 34"-'-'_ 21 348

_.._;i " • Manufacturingresearchanddevelopment
. (MR&D) - 745 745

,:," • Subtotal MR&D) - 745 745
II I i I J I I

: • Total recurring - 76 027 76 027
_, .: : , , ,

• :- Nonrecurring
_%_,/ • Fabrication(excludingplanning) 11 061 - 11 061

• Fabri_tion (planning) 6 658 1886 8 544
-'::';' _. • Subtotal fabrication 17719 1 886 19 605tjj__

: • Assembly(excludingplanning) 6 962 - 6 962
_;::_::.: • Assembly(planning) 3 194 2 541 5 735

• Subtotal 10 156 2 541 12 697

_ ..;_ . • Manufacturing research end development

i (MR&D) 2 804 3 12_ 5925
i " _ • Subtotal MR&D 2 804 3 121 5 925

_ ......,_,':'... , ._• Total nonr_urring 30 679 7 541t ,38,,227
! _ ' _ Total recurringandnonrecurring 30 679 83 575 114 254

;"".:_:_.

g

_F

i_- .

; !

'1

[ : d-:_--

i" 74
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Figure 76 provides a further breakdown of tile recurring component fabrication
: labor hours. The primary cost element is layup, which accounts for 32% of the

total fabrication labor. Graphite component fabrication (including layup, kitting,
_,_ . bag and cure, and trim) nccounted for 57% of the total labor expenditures.
• Nongraphite fabrication accounted for 15% of the expenditures.

~

, , J.

:' "" Planning

: ,, , . Nongraphite
fabrication

'" ' 15%fl ..

C Qualitycontrol
.,_ "- 13%

g;,, .

":' Labor
_: ': 73539 hr

•_ _.
:_ _.,.. Tool

", production
,i,. 6%

_;_ i_!i!,_i Graphitecomponent 32%
,,..;_.'-_, fabrication

:- _ 57%
= _' Trim

_ 11%

,!_..
o

'_: "" Kttting
6%

Bagandcure296

" Figure 76. Total Recurring and Nonrecurring Fabrication Labor Hours

_'_'.i .

'.: "7
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Table 9 shows total production tooling hours. Fabrication tooling labor hours were
.:. 66%, while assembly tooling labor hours were 3k%. Recurring tooling labor hours
' were only 2%, while nonrecurring tooling hours, which included all left-hand test

;.... article tooling_ were 95%.

pl

Table 9. Production Tooling

,_,. , Labor hours
-_ Design Fabrication Total

| i

! _: "_ • Fabrication- tools 127 827 954

_i_. • Assembly tools ....=._ 500 500
• Subtotal 127 1 327 1 454

; "_' ..... :' Nonrecurring! .

• Fabrication tools 3 087. 58 562 61 649

_' ' • Assembly tools _168 31 779 31 947
....._:; • Subtotal 3 255 90 341 93 596L

Total recurring
F o and nonrecurring 3 382 91 668 95 050

_ All left_hand test article tooling is nonrecurring

ii,t
I
I

/

_,..-., Figure 77 provides a breakdown of the total recurring and nonrecurrin_ labor
_- .... ! expenditures for component assembly. The primary cost element is assembly labor_

:_!ii which comprises 75% of the total. The balance consists of planning (17%) and
_'; quality control (8%).

_, Figure 78 shows the percentage breakdown of the recurring direct labor hours for
_":! the 737 composite stabilizer component fabrication and assembly, The MR&D
" __ effort, which is included in Figure 78, was expended in support of fabrication and

'_: assembly work and was not expended in the developmental hardware programs.
""o"_./ Planning that occurred before 1980 was considered nonrecurring and was not

included. Kitting_ layupt bag and cure_ and trim were based on hours generated by
the applicable shops associated with those fu.,,.*ions.

O

!

! •

i C_a.

i
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; Quality
oontrol

_, 8%

i ..... i .. _mbey
ii _;_i _ planning

...... 17%

t 2,'_?::?:

_T _ _r_ * Labor

_,::4 jr,_L;'_t_r )4 045 hr

..... _"_' Assembly

! r

• e

r"--'_=,

0

_ r_

_ Figure 77. Total Recurring and Nonrecurring Assemblv Labor Hours-5N Shipsets

• ,5.2 USAGE FACTORS

Usage factors experienced for graphite-epoxy materials were 0.78 kg (1.8 lb) of
tape and 1.22 kg (2.8 lb) of fabric for each pound of graphite-epoxy flyaway weight
ir_ the finished stabilizer. This included indirect usage for receiving tests, kitting
trim loss_ process test panels, process and miscellaneous rejections, and layup trim
loss. It is estimated that these usage factors could be reduced to 1.._ and 2.0 Ib,
respectively, over a 200-shipset program _¢ith more uniform quality materials,
revised handling methods, and improved manufacturing processes. With automated
material cutting/part nesting and new layup and processing technology_ these
factors would be further reduced.

_:: ::i': i,

r

_ _'-i} 77



Based on costs incurred in producing the five-and-one-haft shipsets of the compos-
"_ ite stabilizer, recurring costs for 200 shipsets are estimated at $k0.3 million, usinl_

the NASA baseline. This figure is derived from $10.8 million in Wichita labor, $0.7
million in Wichita material, $22.1 million in Auburn labor, and $6.7 million in
Auburn material.

The effect of improved technology on the trend of competitive cost averages for
the initial 200-shipset quantities of the model 737 composite stabilizer is depicted
in Figure 79. This figure shows that the present costs could be reduced by 2.5%
with improved automated methods. Further optimization of the design would be

,, expected to produce additional cost benefits.
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_",_._:_'_",, Figure 79. Relative Composite Stabilizer Cost Comparison-Initial 200 Shipsets

.:;.:. Ground rules for the cost projection of 200 shipsets of the composite stabilizer
_ _i_- shownin •Figure79 are basedon"

_;:-
• Cost •projection is the scoping level.. TZ.'

i'

,,_ . i • Costs are recurring only for 200 shipsets.

r__ e Costs reflect 1981 commercial pricing rates and do not include profit or
contingency.

J _
.c_ • Part count and weights are assumed to be the same as the NASA stabilizer.

• Auburn and Wichita labor hour estimates have been adjusted to reflect 1983
state of the art,

.... • MR&D has defined 1983 state of the art to include automated tape
. laminators_ automated ply cutters, vacuum compacting tables_ im-

° proved fasteners, and laminated shims.

_' .. a Designs will be revised as required to allow automated manufacturing

_: methods.
• • Graphite material costs are based on supplier quotations.

.... • Graphite epoxy usage factors,* tape 1.5 Ib, fabric 2.0 Ib.

• Automation will radically change the ratio of tape versus fabric in the design.• I

" 5.3 CONCLUSIONS

It is projected that advanced composite material waste will be reduced with the

°" ... implementation of advanced manufacturing technology and more uniform quality
.- material, It also is projected that cost per pound oI advanced composite material

. '4- • "
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will decrease 20% as industry usage of the material increases. Based on these
projections, the production experience gained during this program and assumptions

\i " of other cost-reducing factors as detailed in Section 5.2, the cost of advanced
• composite stabilizers will become comparable to the cost of similar metal

iv, ,, components.

I{/Y/l:[_'' When the increasing value of weight reduction is considered together with the

_'i;L adoption of innovative manufacturing methods and engineering designs, the eco-• nomic justification for advanced composite aircraft structure is ensured.

" ,2
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_ "- 6.0 CONCLUSIONS

'. NASA established a program for primary composite structures under the Aircraft
__._,_ ...iI Energy Efficiency (ACEE) program. As part of this program, Boeing has redesigned
-,-.-............, and fabricated the horizontal stabilizer of the 737 transport using composite

--: materials. Five shipsets were fabricated, and FAA certification has been obtained.

_i-"":::,_:..... Airline introduction will follow.

' Key program results are:

.' • Weight reduction greater than the 20% goal has been achieved.

• Parts and assemblies were readily produced on productlon-'Wpe tooling.

• '- _ ': • Ouality assurance methods were demonstrated.

• Repair methods were developed and demonstrated,

...... .:_._..:. • Strength and stiffness analytical methods were substantiated by comparison
-_==:_":_: with test results.

.. _y,,._,,

- "i:__-'i_' • Cost data were accumulated in a semiproduction environment.

_:i:........_. • FAA certification has been obtained.

The has the confidence for the commit

program provided nece,=,sary company to use

of composite structure in similar applications on new generation aircraft and has
• laid the groundwork for design of larger, more heavily loaded composite primary

_.4_ structure.

.!
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FATIGUE SPECTRUM

? *

The selection of a base mission for spectrum definition wan made by reviewing the

' original 737 fatigue analysis and tile 10 years of service history since the 737 was
..... introduced. Existing fleet service utilization data we,re inwmti_ated. This

.... : information showed that therc' will be approxin_ately 50 000 fligl_ts in 20 years [or
':...: the median utilized aircraft with an average flight length between #63krn

; (2_i0 nmi) and 7#1 I<m (#00 nmi). The #63-1<m (250-nmi) range was selected as the
: base mission, based on the fact that metallic fatigue damage per flight for the

.,° • 737 spectrum has been constant between the #63-krn (250-nmi) and the 7#l-kin
.... (#00-nmi) missions. ..

..:,'-_. The #63-kin (2.50-nmi) flight profile defined in the existing 737 fatigue analysis
' "" consists of 2# segments, each with Ig gust and maneuver loads. The total flight
..... profile has been reviewed. The test _light profile was reduced to six major flight

phases defined as taxi, takeoff, climb, cruise, descent, and landing. The taxi,
...._, takeoff, and landing phase alternating loads are of a relatively small magnitude

• ,i and are represented by single excursions of the lg load plus the secondary cycle

.."_.i excursion. Significant alternating load activity exists during climb, cruise_ and

descent phases, so these test phases will contain an appropriate number of
._ alternating load peaks about the lg load levels. The load sequence has been

developed to be similar to the European standard spectra TWIST and FALSTAFF

i 1 (refs. A-I and A-2), in which flight conditions of varying severity are applied with '
" "r _ more and larger load peaks in severe flights than in lesser flights. The resulting

- _ i.i general load sequence is shown in Figure A-l. ,,

+

,, )

,,;, i] @ @ @Taxi: Single-loadpeak

r II'_ _ _ _i _ (_ Takeoff: Single-loadpeak

i I ®C,,mb:Gustandmaneuver

"i _ I _I I I _ @cruise: alternatingloads] t | _I endingwith the

_!_'::"I | l l lg load

; "0 t I_ , @Descent:

" _ I @ Landing: Single-loadpeak
CJI

v Q
.,..

Time

-.. Figure A- 1. Test Spectrum General Loading Sequence

i.

i'l" '[ W: """-' //
A-5



. ,,qr

"ii ORIGINALpAGEIt

i_ Prior to selecting tile number arid magnitude of alternating load peaks, the
importance of small-cycle omission and large-cycle truncation was investi/4ated.

:,. In previous _raphite-epoxy fatipjle testinl_, Schutz and Gerharz (ref, A-3) used an
omi.,_sion level of 6% of ultimate as a baseline and found that further emission
resulted in life increase. Bat;ed on this testing, the omission levels were set at 6%

, " .: ... of Idtimato for maneuver and 3% of ultimate for gust. This resulted in an average
:,_. " of l O maneuver and 7 gust load cycles per test flight, or an average of 20 load

cycles per test flight includin_ the; secondary GAG cycles.

_')-: Truncation load levels were examined m:cordint_ to the standard spec'trum TWIST
•' : (ref. A-l), which tr_incates at the load level exceeded |0 times per lifetime.

" Schutz and Gerharz showed that truncation of the highest test spectrum loads to
90% had virtually no effect on the fatigue life eL graphite-epoxy.

.. : ' Based on this examination, truncation levels were conservatively set at the load
....... exceeded five times per lifetime, which corresponds to approximately 90% of the

load exceeded once Ln two lifetimes° Therefore, based on the previously defined
$0 000 flights per lifetime, the test spectrum will be constructed from lO 000-

..... flight blocks.

__ Eight gust and eight maneuver alternating load levels were defined, resulting in
..... ., the stepped exceedance curves shown in Figures A-2 and A-3. Table A-I lists the

" ' :.,;_'' resulting occurrences of gust and maneuver incremental loads to be applied in one
_" _!, i:: l0 000-flight block.

.. :' :: :' Many of the alternating loads contained in the test spectrum occur less than once
per flight, necessitating several test flight types with different severities and

:. ' . frequencies. Test flight severity levels were defined in a similar manner to those
,_ defined in TWIST, (ref. A-l). Eight flight types were defined to produce an array

in which each succeeding flight includes a larger load level. The resulting
....; frequency and cyclic load content of the eight flight types are shown in Table

" A-2.

ii : The distribution of gust and maneuver loads between climb, cruise, and descent
_a_ " test phases in each test flight type was made to match the overall distribution for

_. I0 000 flights shown in Table A-I. The resulting gust and maneuver load
,_........o:, allocation for these three test phases is shown in Table A-3. The sequence of

i .... ,:.: flight types in the I0 000-flight block will be controlled to result in a uniform
..... : ' distribution of flight types.

o'
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TableA- I. Alternating Load OccurrenceSummary
L

• . Loadcycleoccurrencesin 10 O00flighls

_, Load Load
_ _=_,,._i type level Climb Cruile Descent Total

• Gust VIII 8 797 40 548 13 966 63 311

_' ", VII 718 3 955 1 128 5 801

VI 87 575 138 800

' _ V 8 74 13 95.'_',! : . ".

IV 2 18 2 22'_:?i_ _,-
_"_ ": III 1 5 I 7

II 0 2 0 2

'; I 0 1 0 1
i

. _ Maneuvw VIII 11040 55 722 14 896 81 658

', Vtl 2 152 10 122 2 699 14 973
'5

_ VI 426 1 875 497 2 798
V 85 350 92 527

:i IV 17 67 17 101

i III 3 12 3 18
II 1 -_ 1 4

" I 0 1 0 1
I

_' __ TableA.2. Flight Type Definition

Flight / Number of gust load cycles Number of maneuver load cycles Number

. 'i _ at eightamplitudelevels at eightamplitudelevels OfpointslOadinI II III IV V VI VII VIII I II III IV V VI VII VIII oneflight

.:' _ 1 1 2 2 6 14 112 766 1 3 5 2 7 3 2 3 1866d

° .' _ 1 1 2 6 10 91 655 1 3 3 7 2 2 2 1578

:_;... _ 1 1 2 2 39 468 2 8 7 3 1 5 1084

:. 1 1 2 14 166 4 12 8 6 7 448

•: 1 2 4 73 5 13 10 15 252

:' _ 1 3 15 3 8 10 86

1 6 3 8 42

4 8 30

Number of flights in a 10 000-flight block

_ A-9 .q
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.. Table A.3. Alternating Load Allocation for Climb, Cruise, and Descent Test Phases

. Flight/ Climb gust Cruise 9u,_t Descent gust

Number of load cycles Number of load cycJes Number of }gad cycles
. at 8 amplitude levels at 8 amplitude levels at 8 amplitude levels

I II III IV V VI VII VIII I II III IV V VI VII VIII I II III IV V VI VII VIII

:- 1 1 1 2 14 109 1 1 0 0 4 9 73 489 1 1 1 3 25 168
,i

......:_ 1 1 2 11 91 1 1 0 4 6 60 419 1 1 2 20 14,r
I

_"5 1 1 3 65 1 1 1 0 28 300 0 1 8 103

'" " 1 0 24 1 0 0 10 107 ! 1 4 35

i , _'e9 1 1 8 I 0 1 51 1 2 14f --

i - ': : F J

J620 1 2 1 1 9 1 4

i _' 0 1 5 1

_ , N
• 1 2 J 1

- ,": Flight/ Climb maneuver Cruise maneuver Descent maneuver

t_

: Number of load cycles Number of load cycles Number of load cycles
_,,_ at 8 amplitude levels at 8 amplitude levels at 8 amplitude level_

: /_ I II III IV V VI VII VIII I II III IV V VI VII VIII I II III IV V VI VII VIII

_'i_ 1 2 1 3 1 1 0 1 1 1 0 1 1 1 2 1 2 1 3 1 0 1

;• _1 1 1 2 1 1 0 1 1 1 1 0 1 1 1 _ 4 1 0 1

_-_ 3 2 2 0 2 2 2 2 0 0 3 3 3 1 1 0
;- : , f_ J ................. -_ ..........................

: - ,J"'14 5 3 3 4_/ 4 2 1 "1 2 5 4 2 1

i.._' 2 6 4 7 5 0 3 8 7 3 0

_620 3 2 3 1 4 4 4

1 3 7 O

......... 1 5 2

[1_'_i'-::>Number of flights in a 10,000-flight block


